Extending the investigations on Bi-based solid solution for lead-free piezoelectric ceramics, this paper consider the complex solid-solution system (1-x)(Bi0.5Na0.5)TiO3-xBa(Zr0.04Ti0.96)O3 [(1-x)BNT-xBZT] for x < 0.12. High density polycrystalline ceramics were fabricated using conventional solid-state processing methods. These ceramics are then taken for structure and properties measurements. 
Introduction
PbTiO3-PbZrO3 (PZT)-based ceramics are environmental burdened materials because of PbO evaporation during the sintering process. Therefore, it is necessary to search for lead-free piezoelectric materials that have such excellent properties as those found in the PZT-based ceramics. Due to the increasing demand for environmental protection, studies have been performed in depth on various lead-free ceramics for environmentally friendly applications. BaTiO3 and its doped species, i.e. doped on A and B sites of the ABO3 perovskite structure, have been investigated to develop high-quality lead-free ceramics to replace toxic leadbased materials and components because of their very high level of strain (up to 1% along the (001) direction). One of the problems which restricts the application of pure BaTiO3 is that there is a conflict between the significant hysteresis in the strain and the electric field dependence of the material, which leads to increasing difficulty in controlling BaTiO3-based piezoelectric components. Many studies show that the substitution of Ti +4 in BaTiO3 with quadrivalence ions (such as Zr 4+ ) can significantly improve the overall properties of the material. 1) For example, BaZrxTi1-xO3 (BZT) has a small leakage current as a result of its better chemical stability of Zr +4 than Ti +4 . Perovskite structure [(Bi1/2Na1/2)TiO3, abbreviated as BNT] ceramics reported by Smolensky et al. 2) is considered as the one of the candidates for lead-free piezoelectric ceramics because of its strong ferroelectric properties and high Curie temperature (Tc = 320°C). However, this ceramics has drawbacks, such as low transition temperature of 200°C, large coercive field of 70 kV/ cm, etc. Some modifications of BNT ceramics have proved to be helpful by forming solid solution with other perovskite oxides.
3)- 8) In this paper, we report our work on the preparation and characterization of (1-x)(Bi0.5Na0.5)TiO3-xBa(Zr0.04Ti0.96)O3 [(1-x) BNT-xBZT] (x < 0.1) ceramics. Special emphasis was focused on searching for the morphotropic phase boundary (MPB) of this system to achieve great enhancement in the dielectric and piezoelectric properties.
Experimental procedure
The (1-x)(Bi0.5Na0.5)TiO3-xBa(Zr0.04Ti0.96)O3 ceramics (abbreviated BNT-BZT) were prepared by solid-state reaction method. Starting materials were Bi2O3, Na2CO3, BaCO3, TiO2 (anatase), ZrO2 with purities of at least 99.5% and weighted according to the stoichiometric composition (x = 0.01, 0.03, 0.05, 0.07 0.09 and 0.11). The powders were calcined at 900°C for 2 h. The calcined powders were pressed (CIP) at 180 MPa into pellets with 15 mm in diameter. The disc samples were sintered in platinum crucible at 1100°C for 2-8 h in air atmosphere. To measure relevant piezoelectric properties, the prepared ceramic samples were polarized in silicon oil at 100°C under 4 kV/mm for 30 min. X-ray diffractometer (Seimens D5000) using Cu Kα radiation was used to evaluate the crystal structure of the sintered ceramics. The room temperature dielectric constant and loss tangent (tan δ) were measured by LCR meter (Angilent 4284A). The piezoelectric properties were measured by a resonance-antiresonance method based on IEEE standards 9) using an impedance/ gain-phase analyzer (Angilent 4194). The free surface of the sin-JCS-Japan tered ceramic body was observed by scanning electron microscope (SEM): the mean grain size was calculated by the line intercept method.
10) The density was measured byArchimedes method. Figure 1 shows the X-ray diffraction (XRD) patters of (1-x) (Bi0.5Na0.5)TiO3-xBa(Zr0.04Ti0.96)O3 ceramics for x = 0.01, 0.03, 0.05, 0.07, 0.09 and 0.11. All of the compositions are sintered in an air environment at 1100°C for 5 h. Only phases with a perovskite structure were found. The hexagonal symmetry of BNT-BZT ceramics at room temperature is characterized on the XRD patters in the 2θ ranges of 44-48°. With increasing of BZT content, however, the structure changes from hexagonal to tetragonal. A broadening peak appears at x = 0.05 and 0.07. A distinct tetragonal splitting can be seen at x = 0.09 and 0.11. The (111) peak splitting is obvious for x > 0.09. Figure 2 shows the XRD patterns of (1-x)(Bi0.5Na0.5)TiO3-xBa(Zr0.04Ti0.96)O3 ceramics system at 2θ between 44° and 48° for x = 0.05, 0.07, 0.09 and 0.11. The hexagonal symmetry for the system in the range of x < 0.07 is characterized by a single peak between 44 and 48°. A distinct (002)/(200) peak splitting between 44 and 48° can be seen for x > 0.07, corresponding to a tetragonal symmetry. Therefore, it can be suggested that the MPB of (1-x) (Bi0.5Na0.5) TiO3-xBa(Zr0.04Ti0.96)O3 system ceramics lies in the composition range of 0.05 ≤ x ≤ 0.07 at room temperature, where hexagonal and tetragonal phases coexist. Figure 3 and Fig. 4 show the XRD patterns of (1-x)(Bi0.5Na0.5)TiO3-xBa(Zr0.04Ti0.96)O3 ceramics system sintered 1100°C for different compositions (x = 0.05, 0.07, 0.09 and 0.11) and sintering time (2 h, 5 h and 8 h). As the Aree Herabut's previous work, 11) they observed the phase transformation (rhombohedral→pseudcubic→cubic) can be observed in the (Na0.5Bi0.5)(1-1.5x)LaxTiO3 system with increasing the amount of La addition. As shown in Fig. 1 , it can be observed that increasing the BZT content would produce a paraelectric cubic phase. It's obviously to observe the splitting of (111) plane with increasing the amount of BZT content above 0.09 mol. In fact, besides the sintered temperature, the phase transition of NBT can also be caused by the sintering time, which can also result the transformation between the ferroelectric rhombohedral and paraelectric cubic phase. As shown in Fig. 3 and Fig. 4 , it can be observed that increasing the sintering time would produce a paraelectric cubic phase. It's obviously to observe the splitting of (111) plane while sintered 1100°C in Fig. 3(c), Fig. 3(f) and Fig. 4 . With increasing the sintering time, a distinct tetragonal splitting is more obvious as shown in Fig. 4 (x = 0.09 and 0.11). Figure 5 shows the microstructure of 0.95(Bi0.5Na0.5)TiO3-0.05Ba(Zr0.04Ti0.96)O3 ceramic sintered at 1100°C for different time (a) 2 h (b) 5 h and (c) 8 h. It can be seen that the 0.95 (Bi0.5Na0.5)TiO3-0.05Ba(Zr0.04Ti0.96)O3 ceramics consist of very small grains, with a relatively loose structure, and a high porosity in Fig. 5(a) . However, the 0.95(Bi0.5Na0.5)TiO3-0.05Ba(Zr0.04 Ti0.96)O3 ceramic are more dense, with low porosity, and exhibit a more homogeneous and grain size of ~2 μm in Fig. 5(b) . In Fig. 5(c) , the irregular shape is found. According to "COBLE" models, 12) "discontinuous" grain growth is the nomenclature selected here for the occurrence various called discontinuous or exaggerated, or second recrystallization. This may increase the porosity, attributed to a greater rate of evaporation of Bi2O3 compared to that recondensed. Figure 6 to Fig. 8 show the physical and electrical properties of (1-x)(Bi0.5Na0.5)TiO3-xBa(Zr0.04Ti0.96)O3 (x = 0.01, 0.03, 0.05, 0.07, 0.09 and 0.11) sintered at 1100°C for 5 h. The real density and dielectric tangent loss of (1-x)(Bi0.5Na0.5)TiO3-xBa(Ti0.96 Zr0.04)O3 ceramics are shown as function of BTZ composition in Fig. 6 . The real density of the sintered samples is 90-96% of the theoretical density. In general, the real density increases with an increase of BZT addition until it reaches a maximum value at the phase boundary (x = 0.05), then decreases for higher BZT addi- 
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tion. It may be explained by the sintering model of Coble 12) that the existence of the DSR will offer the interphase boundary as a sink of defect or vacancy resulting in the increase of the density. The dielectric tangent loss is lower in the tetragonal phase (x > 0.05) than in the hexagonal phase (x < 0.05). The results agree with that observed byWeston. 13) The planar coupling factor (kp) and thickness coupling factor (kt) of (1-x)(Bi0.5Na0.5)TiO3-xBa(Ti0.96Zr0.04)O3 ceramics are shown as function of BTZ composition in Fig. 7 . The electromechanical coupling factor is related to different BZT addition. The electromechanical coupling factor has been used extensively as a measure of the piezoelectric response of PZT type ceramics. It was found that the electromechanical coupling factor depended on the material parameters 14) such as grain size, porosity, and chemical composition. Piezoelectric activity reaches a maximum, when ceramic compositions are chosen near those of the morphotropic phase boundary. Usually, the piezoelectric activity is appreciated by the value of the electromechanically coupling factor in radial mode kp. Therefore, kp is the figure of merit of the piezoelectric activity and the square of that gives the efficiency of the conversion of electrical-mechanical energy. 15) Usually, the piezoelectric activity increases with the value of the electromechanical coupling factor in radial mode kp. The equation for calculating electromechanical coupling factor kp and kt is and where fr is a resonant frequency and fa is an anti-resonant frequency. The highest planar coupling factor (kp = 0.34) is found at the phase boundary (x = 0.05). For 0.99(Bi0.5Na0.5)TiO3-0.01Ba(Ti0.96Zr0.04)O3 ceramics, the electromechanical coupling coefficients of the planar mode kp and the thickness mode kt reach 0.14 and 0.51, respectively, at the sintering of 1100°C for 5 h. The ratio of thickness coupling coefficient to planar coupling coefficient is 3.6.
The dielectric constant Ko (before polarization) and K T 33 (after polarization) of (1-x)(Bi0.5Na0.5)TiO3-xBa(Ti0.96Zr0.04)O3 ceramics are shown as function of BTZ composition in Fig. 8 . In piezoelectric ceramics, the properties depend on the composition and crystal structure; the dielectric constant may be increased or decreased through poling treatment. After poling, the dielectric constant increases for the tetragonal compositions, but decreases for the hexagonal compositions. Moreover, the variations of the dielectric constant through poling also rely on the domain alignment. The increase of the dielectric constant of the poled tetragonal compositions is previously explained 16) as being due to the elimination of the effect of compression of the 180° domains. This occurs due to the virtually complete 180° domain reorientation along the poling direction, and dominates the decrease in dielectric constant from the 90° domain reorientation. In a hexagonal phase, the dielectric constant decreases after poling, and the net decrease is owing to the 90° domain reorientation dominating the effect of the removal of compression. 17) , 18) In the hexagonal region, K T 33 is decreasing in comparison to K as a result of the dielectric anisotropic; and in the tetragonal region, K T 33 is increasing because of relieving the clamping effect. This leads to a rise of dielectric constant in the tetragonal branch and to a decrease in the hexagonal branch. Figure 9 to Fig. 11 show the physical and electrical properties of 0.95(Bi0.5Na0.5)TiO3-0.05Ba(Zr0.04Ti0.96)O3 ceramic sintered at 1100°C for different sintering time (2 h, 5 h and 8 h). The real density and dielectric tangent loss of 0.95(Bi0.5Na0.5)TiO3-0.05Ba(Zr0.04Ti0.96)O3 sintered 1100°C are shown as function of sintering time in Fig. 9 . The real density increases with an increase sintering time until it reaches 5 h, then decreases above 8 h. The dielectric tangent loss decreases with increasing sintering time. The planar coupling factor (kp) and thickness coupling factor (kt) of 0.95(Bi0.5Na0.5)TiO3-0.05Ba(Zr0.04Ti0.96)O3 ceramic are shown as function of sintering time in Fig. 10 . The planar coupling factor (kp) and thickness coupling factor (kt) increase with increasing sintering time until it reaches 5 h, then decrease above 8 h. The dielectric constant Ko (before polarization) and K T 33 (after polarization) of (1-x)(Bi0.5Na0.5)TiO3-xBa(Ti0.96Zr0.04) O3 ceramic are shown as function of sintering time in Fig. 11 . The dielectric constant K (before polarization) and K T 33 (after polarization) increase with increasing sintering time until it reaches 5 h, then decreases above 8 h.
From the XRD patterns, a longer sintering time causes excessive Bi2O3 loss and a resultant variation in composition, which leads to an inhomogeneous microstructure. In Fig. 5(c) , the irregular shape is found. According to "COBLE" models, 12) "discontinuous" grain growth is the nomenclature selected here for the occurrence various called discontinuous or exaggerated, or sec- 
ond recrystallization. This may increase the porosity, attributed to a greater rate of evaporation of Bi2O3 compared to that recondensed. With further increasing the sintering time to 8 h, the cubic phase of NBT grow as shown in Fig. 3(c) , and the piezoelectric and dielectric properties diminish gradually. The dielectric and piezoelectric properties have better values for 5 h of the sintering time at 1100°C.
Conclusion
The (1-x)(Bi0.5Na0.5)TiO3-xBa(Zr0.04Ti0.96)O3 solid solution ceramics were prepared by the cold-pressing (CIP) method and the conventional ceramics technique. The samples were studied by X-ray diffraction. Based on these results, the specimens of x = 0.05 correspond to the compositions located in the hexagonal and tetragonal sides of the MPB, respectively, while the two phases coexist when x = 0.05. And samples could be measured for their electrical properties such as the observation of dielectric and piezoelectric properties in this study. In piezoelectric ceramics, depending on the crystalline phase, the dielectric constant may increase or decrease through poling treatment. In this system, the dielectric constant before polarization is larger than that after polarization in hexagonal region, but in the tetragonal region, the dielectric constant inversely. Owing to the phase coexistence at the phase boundary, there exists a DSR near the MPB. The DSR boundary motion increases the dielectric permittivity and piezoelectric coefficients.
The effects of sintering time on the properties of 0.95(Bi0.5 Na0.5)TiO3-0.05Ba(Zr0.04Ti0.96)O3 ceramic were discussed. The dielectric and piezoelectric properties have better values for 5 h of the sintering time at 1100°C. Prolonged sintering time result in an excessive Bi2O3 loss and the resultant variation in composition leads to an inhomogeneous microstructure and the existence of the cubic phase of NBT. The cubic phase of NBT is detrimental to the dielectric and piezoelectric properties. The relative dielectric constant (K T 33) and electromechanical coupling factor (kp) of the 0.95(Bi0.5Na0.5)TiO3-0.05Ba(Zr0.04Ti0.96) O3 ceramic system are 850 (1 kHz) and 34%, respectively, for 5 h of the sintering time at 1100°C. For 0.99(Bi0.5Na0.5)TiO3-0.01Ba(Ti0.96Zr0.04)O3 ceramics, the ratio of thickness coupling coefficient to planar coupling coefficient is 3.6. Our results show that (Bi0.5Na0.5)TiO3-Ba(Zr0.04Ti0.96)O3 solid solution ceramics are one of the promising lead-free ceramics for high frequency electromechanical transducer applications. T and unpoled dielectric constant Ko of 0.95(Bi0.5Na0.5)TiO3-0.05Ba(Ti0.96Zr0.04)O3 sintered 1100°C at different time.
